Introduction
Activity-dependent changes in synaptic strength are thought to underlie learning and memory. Most attention has been given to long-term potentiation (LTP), in which brief high-frequency stimulation results in a long-lasting increase in synaptic efficacy (Bliss and Lomo, 1973) . However, distinct patterns of lowfrequency stimulation (LFS) can result in a long-term depression (LTD) of synaptic efficacy (Mulkey and Malenka, 1992; Bear and Malenka, 1994; Linden and Connor, 1995; Sajikumar and Frey, 2003) . It has been reported that late LTP as well as late LTD in the hippocampal CA1 region from adult rats require the coactivation of the NMDA receptor (NMDAR), as well as dopaminergic D 1 and D 5 receptors and protein synthesis (Frey et al., 1988 (Frey et al., , 1991a (Frey et al., ,b, 1993 Matthies et al., 1990; Dudek and Bear, 1992; Huang and Kandel, 1995; Manahan-Vaughan, 2000; Frey, 2003, 2004) . The activation of the cAMP/cAMPdependent protein kinase (PKA) pathway through the synergistic action of NMDAR and dopaminergic D 1 and D 5 receptor activation is crucial for the development of the protein synthesisdependent late LTP as well as late LTD in CA1 neurons from adult rats (Frey et al., , 1991b (Frey et al., , 1993 Matthies et al., 1990; Matthies and Reymann, 1993; Huang and Kandel 1995; Abel et al., 1997; Morozov et al., 2003; Nguyen and Woo, 2003; Fischer et al., 2004; Sajikumar and Frey, 2004) . Furthermore, LTP as well as LTD are characterized by late-associative properties involving processes of "synaptic tagging" (Frey and Morris, 1997, 1998; Kauderer and Kandel, 2000; Navakkode et al., 2004) and "synaptic cross-tagging" Sajikumar et al., 2005) . Recently, a number of studies have shown that mitogenactivated protein kinases (MAPKs) play an important role in inducing the maintenance of long-lasting forms of synaptic plasticity and thus may regulate both local protein synthesis and the expression of genes whose products are required to stabilize LTP or LTD over prolonged periods (English and Sweatt, 1997; Otani et al., 1999; Roberson et al., 1999; Davis et al., 2000; Matsuo et al., 2000; Rosenblum et al., 2000; Watabe et al., 2000; Dudek and Fields, 2001; Rosenblum et al., 2002; Kelleher et al., 2004a,b) .
Although all of these data fit in a common scheme, there are many differences in how these data were obtained that may confound simple models. For example, the age and species of the investigated animals have varied, and, as we have mentioned previously (Frey and Morris, 1998; Sajikumar and Frey, 2004) , it is important to differentiate between the possible different intracellular pathways crucial for information processing in juvenile versus adult animals or in rats versus mice, etc. For example, in juvenile tissue or in mice, a Ca 2ϩ /calmodulin-dependent pathway of cAMP/PKA activation as well as Ras/Raf-1-mediated activation of MAPKs were described (Chetkovich and Sweatt, 1993; Morozov et al., 2003) . In contrast, in adult rats, the activation of cAMP/PKA results by D 1 and D 5 receptor activation in a synergistic action with NMDAR activation (Frey et al., , 1991b (Frey et al., , 1993 Huang and Kandel, 1995; Frey and Morris, 1998; O'Carroll and Morris, 2004; Sajikumar and Frey, 2004) . We have focused here on processes in adult rats, and thus we were interested to know which of the above pathways are used in the adult animal.
We describe that early LTD can be transformed into late LTD by the activation of the cAMP/PKA pathway using rolipram, an inhibitor of cAMP-degradation by phosphodiesterase 4B (PDE4B). It is known that rolipram is an inhibitor selective for the Ca 2ϩ /calmodulin-independent and cAMP-specific isozyme of PDE4 (Beavo, 1988) . Therefore, we also investigated whether rolipram-reinforced LTD (RLTD), i.e., the expression of a protein synthesis-dependent stage of LTD, requires MAPKs. Furthermore, we studied the involvement of D 1 and D 5 receptor coactivation for RLTD and properties of synaptic tagging during RLTD.
Materials and Methods
Experimental procedures. One hundred twenty transverse hippocampal slices (400 m) were prepared from 120 seven-week-old male Wistar rats as described previously (Frey and Morris, 1997, 1998; Sajikumar and Frey, 2004) . Slices were incubated within an interface chamber at a temperature of 32°C. [A modified Krebs'-Ringer's solution containing the following (in mM): 124 NaCl, 4.9 KCl, 1.2 KH 2 PO 4 , 2.0 MgSO 4 , 2.0 CaCl 2 , 24.6 NaHCO 3 , and 10 D-glucose was used as artificial CSF (ACSF); carbogen consumption, 32 L/h.] In all experiments, two monopolar lacquer-coated stainless steel electrodes were positioned within the stratum radiatum of the CA1 region for stimulation of two independent synaptic inputs, S1 and S2. For recording of the field EPSP and the population spike, two electrodes were placed in the CA1 dendritic and cell body layer of a single neuronal population, respectively (see Fig. 1 A) . Slices were preincubated for at least 4 h before recording the baseline, a period that is critical for a stable long-term recording . After the preincubation period, the test stimulation strength was determined for each input to elicit a population spike of 40% of its maximal amplitude. For stimulation, biphasic constant-current pulses (impulse duration, 0.1 ms/half-wave) were used. Late LTD was induced using strong low-frequency stimulation (SLFS) of 900 bursts (one burst consisted of three stimuli at 20 Hz; interburst interval, ϭ 1 s; i.e., f ϭ 1 Hz; stimulus duration, 0.2 ms/half-wave; total number of stimuli, 2700). This stimulation pattern produced a stable LTD in vitro for at least 8 h . In experiments in which a weaker induction of LTD was induced, a transient early LTD was induced using weak lowfrequency stimulation (WLFS) consisting of 900 pulses (1 Hz; impulse duration, 0.2 ms/half-wave; total number of stimuli, 900). The population spike amplitude and the slope of the field EPSP were monitored on-line. The time course of the population spike resembled that of the field EPSP. Thus, only the time course of the field EPSP is described in detail and presented in the figures.
Baseline was recorded for a minimum of 1 h before LTD induction (four 0.2 Hz biphasic constant-current pulses every 15 min, averaged on-line). Four 0.2 Hz biphasic constant-current pulses (0.1 ms/polarity) were used for testing, 21, 25, and 30 min after LFS, and then every 15 min. Rolipram (Tocris Cookson, Bristol, UK), a type IV phosphodiesterase inhibitor, was used at a concentration of 0.1 M (Dym et al., 2002) dissolved in ACSF and 0.1% dimethylsulfoxide. [0.1% DMSO had no effect on control recordings (Navakkode et al., 2004) .] aminophosphonopentanoic acid (AP-5; Sigma, St. Louis, MO) was used at a concentration of 50 M (dissolved in ACSF) to block the NMDA receptor. Anisomycin (Sigma), a reversible protein synthesis inhibitor, was used at a concentration of 25 M (a concentration that blocked at least 85% of incorporation of [ 3 H]leucine into hippocampal slices) (Frey et al., 1991a) . Emetine (Tocris Cookson) was used at a concentration of 20 M (dissolved in ACSF and 0.1% DMSO). The selective dopaminergic D 1 and D 5 receptor antagonist R-(ϩ)-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine hydrochloride (SCH23390) was used at a concentration of 0.1 M (dissolved in ACSF) (Frey et al., 1991b ) (Tocris Cookson). The mitogen-activated/extracellular-signal regulated kinase (MEK) inhibitor 1,4-diamino-2,3-dicyano-1,4-bis[2-aminophenylthio]butadiene (U0126; Promega, Madison, WI) was used at a concentration of 1 M (dissolved in 0.1% DMSO) (Davies et al., 2000) ; 2Ј-amino-3Ј-methoxyflavone (PD 98059) (Calbiochem, La Jolla, CA) was used at a concentration of 1 M (dissolved in 0.1% DMSO) (Davies et al., 2000) . Manumycin-A (Streptomyces parvulus; Calbiochem), a selective inhibitor of the farnesyltransferase, was used at a concentration of 2 M (Murray and O'Connor, 2004 ) (dissolved in 0.02% DMSO). Lethal toxin-82 (LT-82; Clostridium sordelli) was used at a concentration of 200 ng/ml (Murray and O'Connor, 2004 ) (donated by Prof. Michel Popoff, Institut Pasteur, Paris, France).
Statistics. The average values of the population spike (millivolts) and slope function of the field EPSP (millivolts per millisecond) per time point were analyzed by the Wilcoxon signed rank test when compared within one group or the Mann-Whitney U test when data were compared between groups ( p Ͻ 0.05 considered significantly different).
Results

Rolipram-induced reinforcement of early LTD
In a first control set of experiments, we have induced late LTD in an S1 synaptic input by the application of an SLFS, which resulted in robust late LTD of the field EPSP in S1 for at least 6 h ( Fig. 1 B, filled circles). A separate S2 synaptic control pathway ( Fig. 1 B, open circles) remained stable at baseline values. A statistically significant difference between S1 and S2 was observed up to 6 h after SLFS induction in S1. This late LTD was protein synthesisdependent Frey, 2003, 2004) . In contrast, induction of early LTD by WLFS in synaptic input S1 (Fig. 1C , filled circles) resulted in a transient early form of LTD with a duration of 2-3 h before returning to baseline values, at which the potentials remained stable for the time of recording. A control S2 input (Fig. 1C , open circles) remained stable at baseline levels for the entire experimental session (statistically significant difference between S1 and S2 for 2 h after WLFS to S1). This type of early LTD is protein synthesis-independent (data not shown). Application of rolipram (0.1 M) 30 min before until 30 min after the induction of early LTD in input S1 converted the transient form of early LTD into a statistically significantly late form with a duration of up to 6 h ( Fig. 1 D, filled circles) . Control responses from S2 remained stable at baseline levels ( Fig. 1 D, open circles) . Analysis of the input-output relationship before the application of rolipram and WLFS and 6 h after LTD induction revealed no differences when compared with rolipram-untreated slices (data not shown). A comparable and similar EPSP-spike relationship was observed in the LTD-induced input. We then investigated whether the PDE inhibitor has to be present during the induction of early LTD to be effective in generating RLTD, or whether it is sufficient to apply rolipram at any time after WLFS. As shown in Figure 1 E, filled circles, rolipram application 25 min after the induction of early LTD in S1 was unable to induce RLTD in that input. The control S2 input again remained stable throughout the recorded period of 6 h ( Fig. 1 E, open circles) .
Properties of rolipram-reinforced LTD
We investigated whether NMDA receptor activation is necessary for RLTD. After recording the baseline for 50 min, AP-5 (50 M) was bath-applied for 10 min before being coapplied with rolipram for another 60 min (Fig. 1 F) . When WLFS was applied to S1 (filled circles) in presence of AP-5 together with rolipram, the induction of early LTD as well as RLTD was prevented. Then we studied whether protein synthesis is required for the reinforcement of early into late LTD. Application of 25 M anisomycin (Fig. 1G ) or 20 M emetine ( Fig. 1 H) in a similar manner as in Figure  1 F prevented any lasting form of LTD in S1 (filled circles). Potentials in the control input remained stable (Fig. 1G ,H, open circles). Thus, reinforcement of early LTD by rolipram was both NMDAR-and protein synthesis-dependent.
Rolipram-reinforced LTD and synaptic tagging
Subsequently, we studied whether the protein synthesis-dependent RLTD was characterized by processes of synaptic tagging because only those inputs that received WLFS, i.e., in which early LTD was induced, expressed RLTD. RLTD was therefore input-specific and dependent on protein synthesis. We have reported earlier that the inductions of conventional early LTD in two inputs, S1 and S2, do not interfere with each other. However, if instead of early LTD a late form was induced in one of the inputs within a distinct interval, then the weakly stimulated, normally transient early LTD input showed late LTD. This process was mediated by mechanisms of synaptic tagging . For investigating the processes of synaptic tagging during RLTD, early LTD was induced in synaptic input S1 after 25 min of rolipram (0.1 M) was applied (a point at which it was ineffective in affecting the first input) (Fig. 1 E) for 1 h. Fifty-five minutes after induction of early LTD in S1 (filled circles), early LTD was induced in input S2 (open circles), but now it was under the influence of rolipram. Paradoxically, in both inputs, a late form of LTD was observed (Fig. 2 A) , which supports our hypothesis that synaptic tagging takes place during RLTD.
In the next series of experiments, we investigated whether synaptic tagging in LTD required the heterosynaptic activation of glutamatergic and dopaminergic D 1 and D 5 receptors. The experiment described in Figure 2 A was repeated, except that shortly before application of rolipram, the D 1 and D 5 receptor-specific antagonist SCH23390 (0.1 M) was now applied (Fig. 2 B) . SCH23390 prevented synaptic tagging and the rolipram-induced transformation of early into late LTD in both inputs S1 and S2. Thus, the action of rolipram in the hippocampal CA1 of adult rats was dependent on D 1 and D 5 receptor activation. In a similar manner, coapplication of the protein synthesis inhibitors anisomycin and emetine with rolipram also prevented processes of synaptic tagging induced by rolipram and the transformation from early into late LTD (Fig. 2C,D) . Zhang et al. (2004) have found in behavioral experiments a functional link between MAPK/extracellular regulated kinase (ERK) and cAMP signaling pathways in the mediation of long-term memory, in which PDE4 is likely to be involved. Moreover, ERK activation is necessary to induce the persistent maintenance and expression of NMDA receptor-dependent LTD in area CA1 of the adult hippocampus in vivo (Thiels et al., 1996) . Is MAPK activation also essential for RLTD? As shown in Figure 3 , C and D, the MEK inhibitors U0126 (1 M) and PD98059 (1 M) effectively blocked RLTD, which suggests that MAPK mediates RLTD processes. In each set of experiments, a baseline was recorded for 50 min, and then one of the MEK inhibitors, either U0126 (1 M) (Fig. 3C) or PD98059 (1 M) (Fig. 3D ) was applied for 10 min before coapplying with rolipram for another 60 min. The MEK inhibitors prevented RLTD without affecting early LTD in S1
Reinforcement of early LTD by rolipram through MAPK activation
when WLFS was applied 30 min after application of rolipram to S1 (Fig. 3C,D , filled circles). The control S2 inputs in the two sets of experiments remained stable throughout the recordings (Fig. 3C,D , open circles). These experiments showed that MEK activation is essential for RLTD. The question then arose with regard to which signaling cascade is involved in the activation of MEK. First, we investigated the Rasmediated cascade. Application of manumycin-A, a Ras inhibitor (2 M), 10 min before coapplication with rolipram for 30 min before early LTD did not prevent the expression of RLTD, i.e., the transformation of early into late LTD in input S1 (Fig. 3A, filled circles) , excluding the Ras signaling cascade as a candidate for the activation of MEK during RLTD (Zhu et al., 2002) . The next series of experiments was conducted to examine whether the Rap-mediated pathway of activating MEK may take place in RLTD. LT-82 (200 ng/ml), an inhibitor of the Rap1/B-Raf pathway, was applied in a similar manner as described in Figure 3A . In contrast to manumycin-A, LT-82 blocked RLTD (Fig. 3B, filled circles) . We can conclude that the prevention of RLTD was due to Rap1/B-Raf inhibition. In both cases, the control input S2 remained stable at baseline levels throughout the recordings (Fig. 3 A, B , open circles).
Discussion
The type IV-specific PDE inhibitor rolipram can reinforce a normally transient early LTD into a long-lasting form of LTD with a duration of at least 6 h, which we named RLTD. It was previously shown that rolipram can also reinforce a transient early LTP into late LTP in mice or in rat hippocampal slices in vitro (Barad et al., 1998; Navakkode et al., 2004) . Thus, our data now revealed similar effects of rolipram in both forms of plasticity in CA1 from adult rats (Fig. 1 D) . We also showed that this reinforcement of early LTD by rolipram was dependent on the activation of NMDARs and protein synthesis (Fig. 1 F-H ) . Hippocampal LTD, similar to persistent hippocampal LTP, appears to require protein synthesis from local mRNA and for its prolonged maintenance and probably also de novo mRNA synthesis (Frey and Morris, 1998; Kauderer and Kandel, 2000; Sajikumar and Frey, 2003; Kelleher et al., 2004a; Blitzer et al., 2005; Smith et al., 2005; Sutton and Schuman, 2005) . Therefore, a mechanism must exist that transduces the local translational process to a transcriptional one.
The MAPK/ERK cascade is thought to participate in such a signal transduction process during LTP (Giovannini et al., 2001) . Our current results suggest that MAPK/ERK-regulated processes during LTD in adult rats are mediated by D 1 and D 5 receptormediated cAMP/PKA-dependent processes. Thus, the cAMP/ PKA-mediated activation of p42/44MAPKs may be an important pathway in regulating local protein synthesis, as well as gene expression during functional plasticity and memory formation. However, the specific pathways by which cAMP/PKA are coupled to p42/44MAPK are not yet fully understood. In recent reports, Figure 2 . PDE inhibition by rolipram and synaptic tagging. A, Transformation of early into late LTD in S1 (filled circles) by subsequent induction of RLTD in S2 55 min later (open circles; n ϭ 7). WLFS was induced in S1, and 25 min after WLFS of S1, rolipram was added to the bath medium for 1 h. B, Same experiment as in A with the exception of the additional application of D 1 and D 5 receptor antagonist SCH23390 (0.1 M) 15 min after WLFS of S1 (n ϭ 9). Here, synaptic tagging by RLTD is prevented. C, D, The experiment presented in B, was repeated using anisomycin (25 M; n ϭ 8) and emetine (20 M; n ϭ 8); protein synthesis inhibition prevents synaptic tagging in RLTD. Analog traces always represent typical field EPSPs 30 min before (dotted line) and 30 min (dashed line) and 6 h (solid line) after WLFS of input S1 or in cases in which WLFS was delivered to S2. The dashed arrows indicate the time point of the WLFS of the corresponding synaptic input. Costa et al. (2002) and Morozov et al. (2003) discussed distinct pools of p42/ 44MAPKs during different forms of LTP with their specific signaling pathways. One pathway for LTP maintenance involves the binding of the Raf family proteins (Raf-1, A-Raf, and B-Raf) by activated Ras (Marshall, 1995) . The major function of Ras in activating Raf is to relocate Raf to the cell membrane, where it is activated by a yet unknown mechanism and then in turn activates MEKs. In addition the NMDAR/PKC-dependent Ras/ Raf-1 pathway of MAPK/ERK activation is one of the most important pathways for maintaining hippocampal CA1 LTP (English and Sweatt, 1997) . However, it remains unclear which pathway of MAPK/ ERK activation is used for the prolonged, protein synthesis-dependent late LTD in CA1. In the dentate gyrus, the Ras pathway seems also to be important for LTD (Murray et al., 2004) . However, in CA1, we showed that the Ras inhibitor manumycin-A had no effect on RLTD. In contrast, inhibitors of the Rap1 pathway, i.e., LT-82 and the MEK inhibitors (U0126 and PD98059), did block RLTD (Fig. 3B-D) , indicating that MAPK activation is not mediated via Ras but Rap1 signaling. Rap1 exerts a dual regulation of p42/p44 MAPK by either inhibiting Raf1 or activating B-Raf. In addition, Rap1 can also antagonize Ras (Altschuler and Ribeiro-Neto, 1998) . Because Ras is anchored to the plasma membrane, whereas Rap is anchored to the membrane of endosomal compartments (Kim et al., 1990; Pizon et al., 1994; Resh, 1996) , Rap1 and Ras may regulate distinct and different pools of MAPK (see above), resulting in different functions (supplemental material, available at www.jneurosci.org).
If RLTD is mechanistically similar to conventional late LTD, it should also be characterized by processes of synaptic tagging. If so, then for a protein synthesis-dependent stage, synapse-specific tags must be set in the activated synapse population that then can capture plasticity-related proteins (PRPs) whose synthesis took place nonspecifically in response to the activated synapses. We have shown that the induction of early LTD in one S1 synaptic input can be input-specifically reinforced by rolipram to a late LTD, which is dependent on D 1 and D 5 receptor activation as well as protein synthesis (Fig. 2 A-D) , supporting synaptic tagging during RLTD .
Although we provide evidence that the D 1 /D 5 -cAMP/PKARap1/B-Raf-mediated pathway of MAPK/ERK activation seems to be one of the effective pathways during RLTD, many open questions remain. For instance, although rolipram seems specifically to induce late LTD, we cannot fully exclude that other additional mechanisms may take place during conventional, electrically induced LTD, other than those described here for RLTD. The requirement of a coactivation of NMDAR and D 1 and D 5 receptors for RLTD also remains unclear. We suggest that through NMDAR interactions the stimulated input was tagged to interact in an input-specific manner with the PRPs, allowing the synapse population to express synapse-specific late LTD.
In addition, our results contribute to our understanding of how the synthesis of PRPs, i.e., the prerequisite for a cellular long-lasting memory trace, might be regulated via the activation of modulatory, nonglutamatergic inputs if this activation occurs within a distinct time window around the induction of normally transient plastic phenomena such as early LTP and early LTD at a glutamatergic input Frey and Morris, 1998; Frey, 2001; Sajikumar and Frey, 2004; Korz and Frey, 2005) . The nature of the PRPs is only beginning to be identified. We had suggested that the synthesis of both process-specific and -nonspecific PRPs occurs during the induction of either late LTP or late LTD (Kelleher et al., 2004a; Sajikumar and Frey, 2004; Sajikumar et al., 2005) . Recently, we identified PKM as the first LTP-specific PRP (Sajikumar et al., 2005) . Furthermore, we have suggested that PDE4B3 could represent a process-nonspecific PRP that regulates the synthesis of secondary PRPs maintaining either LTP or LTD Frey, 2003, 2005; Navakkode et al., 2004; Sajikumar and Frey, 2004; Sajikumar et al., 2005) . In addition, such regulatory PRPs might be involved in gene expression, resulting in a local pool of mRNA whose products are specific for either LTP or LTD and which guarantee a prolonged maintenance of LTP or LTD beyond 8 h (Kelleher et al., 2002a,b) . Our data here provide more evidence for a specific role of PDEs in the regulation of processes required for the prolonged maintenance of hippocampal CA1 LTD.
Our results further support the requirement of heterosynaptic activation of processes that are critical for the expression of a long-lasting memory trace. We have shown for hippocampal CA1 RLTD of adult rats a specific role of D 1 and D 5 receptor . After recording a baseline for 50 min, manumycin-A (2 M) was applied for 10 min before being coapplied with rolipram for another 1 h. WLFS in S1 in the presence of manumycin-A had no effect on RLTD (filled circles); control potentials from S2 remained stable (open circles). B, Effect of LT-82 (n ϭ 7) on RLTD. This is the same experiment as in Figure 2C but with the presence of a Rap inhibitor, LT-82 (200 ng/ml), which prevents the RLTD (filled circles). C, Influence of the MEK inhibitor U0126 on RLTD (n ϭ 7). After recording a baseline for 50 min, U0126 (1 M) was applied for 10 min before being coapplied with rolipram for another 1 h. WLFS in S1 in the presence of MEK inhibitor U0126 prevents RLTD (filled circles); control recording of S2 (open circles) remained stable during the recorded period. D, PD98059 (1 M; n ϭ 7) confirmed the results obtained in C. Analog traces always represent typical field EPSPs 30 min before (dotted line) and 30 min (dashed line) and 6 h (solid line) after WLFS of input S1 or in cases in which WLFS was delivered to S2. Dashed arrows indicate the time point of the WLFS of the corresponding synaptic input.
activation, which is in line with earlier findings from our laboratory demonstrating an important role of dopaminergic coactivation for the modulation of transient into lasting forms of LTP and LTD in rat hippocampal CA1 neurons from adult rats (Frey et al., , 1991b (Frey et al., , 1993 Matthies et al., 1990; Frey and Morris 1998; Sajikumar and Frey, 2004) . Because these results were confirmed by a number of other laboratories (Chen et al., 1995; Huang and Kandel, 1995; O'Carroll and Morris, 2004) , we hope that the focus of research in synaptic plasticity will, in addition to glutamatergic mechanisms, also include the modulatory processes required for the consolidation of a memory trace at the cellular and network levels in the adult brain.
